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Background: Previous studies investigating long-distance, wind-borne dispersal of Culicoides have utilised outbreaks
of clinical disease (passive surveillance) to assess the relationship between incursion and dispersal event. In this
study, species of exotic Culicoides and isolates of novel bluetongue viruses, collected as part of an active arbovirus
surveillance program, were used for the first time to assess dispersal into an endemic region.
Results: A plausible dispersal event was determined for five of the six cases examined. These include exotic
Culicoides specimens for which a possible dispersal event was identified within the range of two days – three
weeks prior to their collection and novel bluetongue viruses for which a dispersal event was identified between
one week and two months prior to their detection in cattle. The source location varied, but ranged from Lombok,
in eastern Indonesia, to Timor-Leste and southern Papua New Guinea.
Conclusions: Where bluetongue virus is endemic, the concurrent use of an atmospheric dispersal model alongside
existing arbovirus and Culicoides surveillance may help guide the strategic use of limited surveillance resources as
well as contribute to continued model validation and refinement. Further, the value of active surveillance systems
in evaluating models for long-distance dispersal is highlighted, particularly in endemic regions where knowledge of
background virus and vector status is beneficial.
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Culicoides (Diptera: Ceratopogonidae) are small, haema-
tophagous insects present on all continents except Ant-
arctica. Whilst their movements for host seeking, feeding
and breeding are usually over distances of less than 2 km
[1], they can be dispersed up to hundreds of kilometres by
the wind [2]. This so-called long-distance dispersal is
particularly important because Culicoides are vectors
for a range of pathogens, including viruses, bacteria and
protozoa, some of which cause disease in humans or an-
imals [3]. It is for this reason that their long-distance* Correspondence: Debbie.eagles@csiro.au
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unless otherwise stated.movements have been extensively modelled, particularly
with respect to transmission of livestock diseases.
One such disease of ruminant livestock is bluetongue
disease (BT), caused by the arbovirus of the same name.
Bluetongue virus (BTV), for which certain Culicoides
species are the only confirmed vectors, is endemic in
many tropical and sub-tropical regions of the world.
Whilst disease outbreaks in these regions are rare, infec-
tion of susceptible ruminants in non-endemic regions
often results in clinical disease, particularly in sheep [4].
Modelling of the long-distance dispersal of Culicoides
vectors has predominantly focussed on such outbreaks
of disease, in cases where dispersal of infected vectors
is considered the most plausible route of virus transmission
[5-8]. Recently, the pathways of dispersal of Culicoides into
northern Australia, from eastern Indonesia, Timor-Leste
and Papua New Guinea (PNG) have been modelled [9,10].Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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of long-distance Culicoides movement, in that retrospective
assessment of a 15 year period was used to establish the
likely spatio-temporal patterns of their dispersal within a
BTV-endemic region.
Whilst aerial collections [11-14] have provided some
evidence supporting the concept of long-distance dispersal
of Culicoides, confirmation of their exact pathways of
windborne movement is not currently possible [6]. For
larger insects such as moths, migration pathways can be
directly monitored using entomological radars [15,16]
and, where applicable, these results can be used to validate
predictive models [17]. Such radars are not yet sensitive
enough to detect and distinguish Culicoides, which meas-
ure 1–3 mm in length [18]. Artificial tagging and recap-
turing can also be used to directly assess dispersal events
[19]. Whilst Culicoides have been successfully tagged and
recaptured, this has been attempted only for short vegeta-
tive flights, and even in these studies the recapture rates
were very low (<0.5-2.1%) [1,20]. The primary evidence
for Culicoides dispersal has been outbreaks of Culicoides-
borne disease in non-endemic regions. In these cases, the
date of onset of clinical signs, the implausibility of other
means of virus introduction and the BTV status in pos-
sible source regions have been used, together with model
outputs to build a case for the most likely dispersal path-
ways. More recently, genetic data have been used as evi-
dence for the movement of haematophagous insects
across long distances. Chapman et al. [21] demonstrated
gene flow between mosquito populations from PNG and
northern Australia, indicating the frequent movement
of mosquitoes across the Torres Strait. Although genetic
tools have yet to be explored for populations of Austra-
lian species of Culicoides, phylogeographical analyses
have been used to demonstrate multiple incursions of C.
imicola Kieffer into the northern Mediterranean basin
from northern Africa [22].
In a BTV-endemic region, in the absence of clinical dis-
ease, the concept of evaluating predicted dispersal path-
ways is seemingly more difficult. However, by utilising the
results of routine surveillance an independent assessment
of the model is possible. In Australia, BTV is endemic in
the north, where it does not currently cause clinical dis-
ease [23]. Despite this, the threat of incursion of a more
pathogenic BTV, in addition to the ongoing requirement
for monitoring to inform the implementation of live ani-
mal export protocols, necessitates regular, Australia-wide
surveillance for BTV and its Culicoides vectors [24,25].
One specific objective of this surveillance is to provide
early warning of incursions of exotic BTVs and Culicoides
into the north [26]. In 2007, the first novel serotype de-
tected in Australia for over 20 years, BTV-7, was isolated
from sentinel cattle in the Northern Territory [27]. BTV-2
was detected for the first time the following year, in thesame location [28]. Between 2009 and 2012, single
specimens of exotic Culicoides species were collected
in traps across northern Australia on four occasions
(Bellis et al., in prep).
Here we use all cases of novel BTV and exotic Culicoides
detections in northern Australia since 2007 to evaluate the
model of Culicoides movement established in the previous
studies [10]. These incursions, and their associated
pathways of dispersal, can be considered as supportive
of the previous model’s results. However, we also
propose that such models cannot be fully ‘validated’ on
surveillance (either active or passive) alone, but that
surveillance and dispersal models can be used together
to indicate likely patterns and pathways of dispersal,
and to highlight areas requiring further research and
surveillance.Methods
The collections
All of the exotic Culicoides were identified in routine
collections conducted by the National Arbovirus Monito-
ring Program (NAMP), except the two detections in the
Torres Strait that were detected through the Australian
Department of Agriculture’s Northern Australia Quar-
antine Strategy (NAQS) program (Figure 1, Table 1)
[29]. These collections make use of green LED light traps
[30], generally set for 2–3 consecutive nights. All specimens
are identified to species level [31] based on morphological
characteristics.
Each of the novel BTVs were identified in routine collec-
tions from a NAMP sentinel herd at Beatrice Hill, approxi-
mately 50 km SE of Darwin (Figure 1). Blood was collected
from each of the cattle for virus isolation on a weekly basis
and serology on the same cattle was conducted monthly
[27]. Sampling of animals was conducted under Charles
Darwin University Animal Ethics Committee approval,
Project A11033. Virus isolation was conducted in two
parallel systems [32].
Collections of both vectors and viruses were made at
a number of other NAMP sites in northern Western
Australia (WA), Queensland (QLD) and the Northern
Territory (NT) during the period in which these incur-
sions took place (2007–2012) (Figure 1).Dispersal windows
A hypothesised ‘dispersal window’ during which the incur-
sion event was most likely to have occurred was de-
termined for each detection (Table 1). For the exotic
Culicoides collected, the duration of the dispersal window
equated to the maximum lifespan of an adult insect, based
on the assumption that the collected specimen itself was
dispersed and collected. The length of the adult lifespan
was set at 21 days, based on previous studies [18].
Figure 1 Map of northern Australia showing all sentinel herd and vector collection sites used during the evaluation period (2007–2012).
Symbol shape represents the collections conducted at that site (circle – sentinel herd only, square – entomology only, triangle – both), colour
represents the frequency of collections (red – regular (10-12/year), green – irregular (5-9/year), blue – rarely (4/year). Sites at which novel virus or exotic
Culicoides have been collected, as listed in Table 1, are named and circled.
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all dates between the previous December up to two
days prior to the collection date. The latter is to allow
for the minimum period for detection of virus in the
blood, which coincides with the incubation period
(time between infection and onset of clinical signs,
where present). The incubation period is host species
and virus dependent, ranging from 2–8 days [33].
December was chosen as the start of the dispersal win-
dow as, based on previous studies, this appears to be
the start of the seasonal incursion risk period [10].
The model
Within the dispersal windows likely dates of incursion were
explored utilising the Hybrid Single Particle LagrangianTable 1 Collection dates, dispersal windows and likely disper
and BTV isolates
Species/Isolate Collection date (site) Previ
C. nudipalpis 22-24 Mar 2012 (Kalumburu) 22
C. flavipunctatus 4-8 Nov 2010 (Saibai Is)
C. palpifer, C. flavipunctatus 5 May 2009 (Douglas Daly)
C. orientalis 24-27 Mar 2009 (Boigu Is) 23
BTV-2 10 Jan 2008 (Beatrice Hill)
BTV-7 15 Mar 2007 (Beatrice Hill)Integrated Trajectory Model (HYSPLIT) (Version 4), an at-
mospheric dispersion model (ADM). This model has previ-
ously been described [10] and elsewhere in more technical
detail [34]. The model was used in particle mode for disper-
sion, which allows for transport of particles with mean wind
and a random component to account for turbulence. The
maximum allowable altitude was 1000 m, meaning that
Culicoides particles transported beyond this height were no
longer available to the model. Both ‘dry’ (gravitational) and
‘wet’ (rainfall) deposition were permitted.
Twenty hour back-trajectories were generated at 6-
hourly intervals for the period under assessment (Figure 2).
The clustering component of the HYSPLIT model was
used to aggregate like-trajectories, as described in Eagles







-24 Feb 2012 1-24 Mar 14-16 Mar
5-8 Oct 2012 14 Oct – 8 Nov 15-17 Oct
7-8 Apr 2009 14 April – 5 May None
-26 Feb 2009 3 - 27 Mar 3-13 Mar, 17–22 Mar
3 Jan 2008 1 Dec 07–8 Jan 3-4 Jan
8 Mar 2007 1 Dec 06–13 Mar 14-16 Jan, 3–5 Mar
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for each incursion and within this area, putative point
source locations were specified. In the model Culicoides
were ‘released’ from each of the putative source sites, at
dusk and dawn on every date on which a dispersal event
appeared possible, based on the back-trajectory results. A
total of 1000 particles (representing Culicoides) were ‘re-
leased’ over a 3 hour period. The flight/dispersal time was
set at 20 hours, based on previous studies which suggest
dispersal up to this period may be possible [2]. Figures were
generated in ArcGIS Desktop 10.1.
Meteorological input
The meteorological dataset used as input for the model
was the Global Data Assimilation System (GDAS), avail-
able at three hour intervals with a global resolution of 1
degree latitude/longitude (approximately 100 km2) [35].
The GDAS data is considered suitable for determining
pathways of dispersal over long distances.
Results
An associated dispersal period and source region was
determined for five of the six investigated incursions
(Table 1, Figures 2, 3). Below we present the findings for
each incursion.
Case 1: C. nudipalpis Delfinado, Kalumburu, 22–24
March 2012
Collections were made on the nights 22–24 March 2012
at a site near Kalumburu, on the northern coastline of
WA [23]. The previous collection at this site was made
on 22–24 February 2012. Almost 8000 Culicoides were
collected in March (compared to fewer than 1000 in
February), and all were identified to species level. Culi-
coides austropalpalis Lee & Reye was the most abundant
species, with large numbers of C. bundyensis Lee & Reye
and C. brevitarsis Kieffer (all established species) also
collected. A single specimen was morphologically identified
as the exotic species C. nudipalpis. Subsequent collectionsA B
Figure 2 Method of assessment of dispersal pathways. A. Clustered ba
tative source sites selected (stars). Dispersal from the source sites at dusk a
is shown in this figure. The relative numbers of dispersed Culicoides are repat Kalumburu did not yield further specimens of this spe-
cies, although almost 4000 Culicoides were collected and
identified in the following six months (Luke Halling, Se-
nior Entomologist, NAQS, pers comm.).
The dispersal window was defined as 1–24 March and
seven putative source sites were assessed, ranging from
Denpasar, Bali in the west to West Timor in the east. From
14–16 March dispersal was possible to Kalumburu from as
far west as Lombok and as far east as West Timor (Figure 2).
Culicoides nudipalpis is known from all of these islands
[36,37]. Whilst molecular analysis of Indonesian specimens
of C. nudipalpis has not been possible, the WA specimen
has been shown to be 99.6% similar to C. nudipalpis from
neighbouring Timor-Leste, based on analysis of the cyto-
chrome oxidase I (COI) gene (Bellis et al., in prep).
Case 2: C. flavipunctatus Kitaoka, Saibai Island, 4–8
November 2010
A single female specimen of C. flavipunctatus was col-
lected on Saibai Island in the Torres Strait in November
2010 [38]. The previous collection at this site was on 5–
8 October 2010. At its northern most point, Saibai Is-
land is less than 4 km from the PNG mainland. Despite
this short distance, vegetative movements over an ex-
panse of water would seem unlikely, although transport
on vessels cannot be categorically ruled out.
The dispersal window was set at 15 October – 8 No-
vember. Based on 20 hour back-trajectories, dispersal is
most likely to have occurred in the period 15–17 Octo-
ber, from southern PNG. Dispersal between the PNG
mainland and Saibai Island may have occurred in less
than one hour on 15 October 2010 (Figure 3A).
Case 3: C. palpifer Das Gupta & Ghosh and C.
flavipunctatus, Douglas Daly, 5 May 2009
One female specimen each of C. palpifer and C. flavipunc-
tatus were collected at Douglas Daly in NT in May 2009
[39]. The previous collection at this site was on 7–8 April
2009. There were no dates within the dispersal window (15ck-trajectories from the incursion site. B. Source region defined and pu-
nd dawn assessed. Dispersal to Kalumburu (triangle) on 16 March 2012
resented by the colours in the dispersal figure.
A B C
D E F
Figure 3 Representative dispersal events for C. flavipunctatus collected on Saibai Island (A), C. orientalis collected on Boigu Island
(B, C), BTV-2 collected at Beatrice Hill (D), BTV-7 (E, F) collected at Beatrice Hill. The stars represent the putative source sites and the white
triangle represents the collection site. The relative numbers of dispersed Culicoides are represented by the colours in the dispersal figure, with red
the greatest number, followed by orange, yellow and light green.
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site – or anywhere in NT - appeared possible from
Timor-Leste, Indonesia or PNG. Both species (C. palpifer
and C. flavipunctatus) are considered endemic across the
region, having been collected across the Indonesian archi-
pelago from West Java to West Papua [40].
In order to further explore this case, a number of al-
ternative possibilities were investigated. Firstly the flight
duration in the model was increased to 30 hours. Again,
no likely dispersal dates or source sites were identified.
To allow for the possibility that both collected speci-
mens may have been part of newly established popula-
tions, as opposed to the actual dispersed individuals, the
dispersal window was extended to include the entire
‘high risk’ period (December-March) prior to the collec-
tion, as well as the start of April. Dispersal to the vicinity
of the collection site did not appear likely during this
period. Dispersal to more northern sites in NT did ap-
pear possible in December 2007, January and February
2008 (Figure 4).
Case 4: C. orientalis Macfie, Boigu Is, 24–27 March 2009
A single specimen of C. orientalis was collected on
Boigu Island in the Torres Strait in March 2009 [39].
The previous collection on at this site was on 23–26
February 2009. This island is in less than 4 km from
the PNG mainland.Dispersal from the southern PNG mainland appears to
have been possible on a number of occasions within the
dispersal window (between the dates of 2–13 and 17–22
March). As with the incursion on Saibai Island, dispersal is
likely to have occurred in less than 20 hours (Figure 3B, C).
Case 5: BTV-2, Beatrice Hill, 10 January 2008
The first BTV-2 detected in Australia was from a senti-
nel cow at Beatrice Hill on 10 January 2008 [39]. By May
2008, more than half of the sentinel herd were positive
for BTV-2. The virus was also detected in samples from
cattle at Douglas Daly in the same season.
The modelling indicates that dispersal to the vicinity
of the collection site could have occurred one week (3–4
January) prior to sample collection, from a site within
West Timor (Figure 3D). Recent full genome analysis of
the prototype Australian BTV-2 showed that eight of the
ten genome segments were more closely related to Asian
than Australian viruses [28], supporting the conclusion
that this virus is a recent introduction. Surveys of rumi-
nants for BTV antibodies in Indonesia in the 1990s de-
tected serological reactors to BTV-2, suggesting exposure
to this serotype [41] and in the source region.
Case 6: BTV-7, Beatrice Hill, 15 March 2007
Australia’s first isolate of BTV-7 came from a blood sam-
ple collected on 15 March 2007 from a sentinel cow at
Figure 4 Dispersal to northern NT in December 2008-February 2009, prior to the collection of two exotic specimens (Case 3) at
Douglas Daly (red circle). The orange squares represent grid cells to which dispersal in the model appears possible during these months; red
stars represent the putative source sites.
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this herd was on 8 March 2007, one week earlier. BTV-7
was subsequently detected in another three of the 24
sentinel cattle between 19 April and 28 June 2007 but
was not detected in any other NT sentinel herd in that
season [27]. The next detection of BTV-7 was in 2010.
A potential dispersal event occurred approximately two
weeks (3–5 March) prior to sample collection (Figure 3F),
from sites across West Timor and Timor-Leste, as well as
two months (14–16 Jan) prior (Figure 3E), from the same
source region. BTV-7 has previously been isolated from
cattle in Indonesia [42].
Discussion
To date, all previous aerial dispersal modelling of Culi-
coides has been in the context of emergency animal dis-
ease outbreaks. In this study we have used, for the first
time, results of routine (‘active’) arbovirus surveillance to
strengthen predictions made by an ADM of Culicoides
long-distance dispersal in a non-disease context. A likely
or possible source and period of incursion was identified
for five of the six cases evaluated. In each of these cases,
modelling indicated that dispersal could possibly have
originated from within the previously predicted source
region spanning the Indonesian archipelago east of Lom-
bok across to southern PNG and including the island of
Timor. Of these five incursions, all but one was likely to
have occurred in either January or March, within the
previously described ‘high risk’ period of dispersal [10]for Culicoides into Australia. The incursion outside of
this period and the case which could not be resolved
using the model are discussed below.
The detection of C. flavipunctatus on Saibai Island in
October is outside of the ‘high risk’ period of December-
March proposed by Eagles et al. [10]. However, that
study assessed dispersal into mainland Australia, ap-
proximately 150 km further south of Sabai Island and it
is conceivable that dispersal events are both more fre-
quent and across a broader ‘season’ for the short dis-
tance between southern PNG and the islands of the
Torres Strait. It is likely that secondary dispersal from
these islands into mainland Australia is restricted to the
previously determined ‘high risk’ period. This distinction
may be important if an exotic species of Culicoides or
novel virus becomes established on one of the islands.
In the case of the specimens collected at Douglas Daly
(Case 3), no site of origin from outside Australia (given
their exotic status) or date of incursion could be deter-
mined. This makes it an important case to explore further
in relation to the sensitivity of the surveillance system and
the input parameters to the model. The Culicoides ‘flight’
duration in this study was set at 20 hours and dispersal to
five out of six sites appears possible within this timeframe.
However, it has previously been shown that this input
parameter is the one to which the model system is most
sensitive [10]. Whilst dispersal beyond 20 hours may be
possible, the Douglas Daly case was re-evaluated in the
model with a 30 hour dispersal duration (results not
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outside of Australia. Based on previous studies [9,10], a
dispersal duration of longer than this seems highly un-
likely, but this may be an important area for further re-
search. Secondly, consecutive dispersal events where a
single insect arrives at one site in Australia then subse-
quently moves to a different site and enters a trap may be
possible and, again, this is an area where future studies
could assist with ongoing model validation and confidence
in model predictions. A constraint with the model set-up
that may have contributed to the inability to identify a
dispersal event for this case is the low resolution of the
meteorological data, although over the long distances
evaluated this is less likely to have an impact.
Additionally, the sensitivity of the light trap network
as a surveillance system for exotic Culicoides species
must be considered, with the implication that the de-
tected specimens may have been part of an already
established population. Although the network of traps in
northern Australia is extensive (Figure 1) there are a
range of factors that can affect the sensitivity of vector
surveillance, including trap- and species-specific factors,
meteorological conditions at time of trapping and prox-
imity of traps to established Culicoides populations
[30,43,44]. Interestingly, the Douglas Daly specimens
were collected outside of the previously described ‘high
risk’ incursion period, but they have not been collected
at any site within the NAMP network since their first de-
tection and it appears unlikely either species has estab-
lished in Australia.
In both cases of novel virus detection presented in this
paper a possible incursion date was identified within the
ten days prior to sample collection. This time is consid-
ered sufficient for a dispersed (infected) vector to find,
bite and infect a mammalian host and for the minimum
incubation period to be met in that host. It is also con-
curs with the period between likely dispersal event and
onset of clinical signs in a BTV outbreak in Sweden [6].
In the case of BTV-7, a dispersal event may also have
occurred two months prior to its detection. Given the
highly variable biological nature of BTV viruses [25] in-
cluding variation in infection rates and virus persistence
[32], it is difficult to determine which of the two identi-
fied dispersal events was the more likely incursion event.
The question arises, can detections in sentinel herds
and vector traps (forms of ‘active’ surveillance) be used
equally well for model appraisal as outbreak data (a form
of “passive” surveillance), which has been so heavily re-
lied upon previously for assessment of Culicoides disper-
sal? Due to the number of sentinel herds, the frequency
of testing, and the use of supplementary sero-surveys,
the sensitivity for virus detection is reportedly high [32].
Collection of vectors, by one method only (trapping), is
perhaps less sensitive, although it is likely that if adispersed species becomes established it will ultimately be
detected. The sensitivity of passive surveillance, which is
reliant on the onset of clinical signs, is also not infallible.
Incursion of BTV into a non-endemic zone typically re-
sults in infection of susceptible ruminants, but even in
these areas infection can occur in the absence of clinical
signs of disease. Whilst BTV-8, first detected in Europe in
2006, caused clinical disease in cattle, the presentation of
clinical signs in this species is rare, and they are generally
considered a silent reservoir for the virus. Even with BTV-
8, morbidity in cattle was significantly lower than in sheep,
and in infected herds in the Netherlands, only 2.5% of cat-
tle developed clinical signs [45]. Thus, it is possible that
the exact date of incursion may not be identified in all
cases, dependent on the livestock present at the arrival
site, the susceptibility of these to expression of clinical dis-
ease and the disease reporting and surveillance mecha-
nisms in place. The importance of this has also previously
been noted by Agren [5] and is highlighted in the case of
BTV-8 detection in cattle in Norway, based on bulk milk
testing rather than clinical signs [6].
As mentioned in the introduction, rigorous ‘validation’
of these models by use of entomological radars or mark/
recapture techniques is currently not feasible. The con-
cept of model evaluation has been extensively discussed
and debated in the ecological sciences [46] and has recently
been reviewed with respect to epidemiological models in
veterinary science [47]. Model evaluation should be consid-
ered as following a continuum or spectrum, starting with
initial technical verification, followed by acceptance of the
model concepts. An example of the latter for dispersal
models may include that the insect of interest has been
caught at altitude or is able to fly for many hours in la-
boratory conditions. This is followed by validation, for
example by assessment against field data, as shown here,
or, as mentioned previously, use of radars or mark/recap-
ture techniques. Validation may also include comparison
against other models (‘relative validation’) and sensitivity
analysis, which can show to which parameters a model is
most sensitive [47]. All these steps lead toward either op-
erational use (as is the aim for many models) and/or the
point where a model can be considered “an adequate
respresentation of the real system” [46,47] (Figure 5).
Where there is no “conclusive” evidence to validate a
model, multiple pieces of information may be combined
to support (or otherwise) the model results. With spe-
cific respect to insect incursions, Kim [48] proposed a
multidisciplinary approach to determining the source of
boll weevils collected in an eradication zone. The ap-
proach incorporated the results of a model for wind dis-
persal, along with genetic population analyses of boll
weevils caught in the eradication zone and at proposed
source sites, and profile analysis of pollen collected on/
in the insects [48]. In doing so, they suggested that the
Eagles et al. BMC Veterinary Research 2014, 10:135 Page 8 of 10
http://www.biomedcentral.com/1746-6148/10/135application of a multidisciplinary approach increased their
confidence in elucidating the source of the incursion.
In two cases presented in this paper – one virus, one vec-
tor - genetic analysis of the collected specimen and com-
parison with conspecific Australian and regional material
equivalents [28] (Bellis et al., in prep) supports the sugges-
tion that these are (recent) incursions. Clearly, more sub-
stantive genetic analysis of both viruses and vectors within
the region is necessary to pinpoint the specific sources of
Culicoides and the viruses they transmit. If such informa-
tion were available, a similar multidisciplinary approach as
used for boll weevils could be applied to Culicoides disper-
sal – combining field data (such as onset of clinical signsFigure 5 Steps in model evaluation as they pertain to insect
vector dispersal models, adapted from Reeves et al., [47].in disease outbreaks or collections from sentinel/vector
sites), serological status of surrounding herds, analysis
of wind dispersal in an ADM and genomic (population
genetics and/or specific marker) analysis.
Finally, comparison between incursion detections (both
virus and vector) and predictions by the model of the pos-
sible frequency of such events are indicative of an “over-
prediction” of events by the model. During the period
from January 2007-March 2010 there were four detected
incursions in total (two virus, two vector), yet in Eagles
et al.’s [10] previous analysis fourteen possible dispersal
events were predicted from the entire source region into
Australia. The discrepancy is likely due to a combin-
ation of factors, most notably the requirement of more
than “just a dispersal event” to occur for successful in-
cursion and detection. Dispersed Culicoides must sur-
vive long enough on arrival to be caught in a trap or, for
successful BTV transmission, to bite a susceptible host.
For BTV transmission to occur also requires the vector
to be infected at origin – itself dependent on BTV circula-
tion in ruminants at source. Thus, the model framework
presented in the previous paper [10], and substantiated
here with incursion data, should be considered as indicat-
ing the spatial and temporal nature of dispersal, and the
relative frequency of such dispersal from specific source
sites, and to arrival regions. As noted above, if the sensitiv-
ity of surveillance is not perfect, then some dispersal
events predicted by the model – resulting in incursion of
vector with or without virus – may not be detected. Add-
itionally, in this paper only novel serotypes of BTV and
exotic species of Culicoides have been investigated. In-
cursions of BTVs of the same serotype or species of
Culicoides as those already established in Australia may
be expected to occur. Evidence for this comes from the
detection of novel genotypes of the virus (based on se-
quencing of segment 3 of the genome) in northern
Australia [49]. Subsequent detections of new genotype/
serotype combinations may also be incursion events but
due to the propensity for genome segment reassortment
in BTVs, they cannot be distinguished from reassort-
ments of endemically circulating viruses.
Conclusions
This study has shown that active surveillance can be
used in collaboration with results of an ADM to assess
the spatial and temporal nature of Culicoides dispersal
into an endemic region. Previously, retrospective use of
such models has primarily been in response to the pres-
entation of clinically affected animals in outbreaks of
disease. Where BTV is already endemic, the concurrent
use of an ADM alongside existing BTV and Culicoides
surveillance may help guide the strategic use of limited
surveillance resources as well as contribute to continued
model validation and refinement. The same methodology
Eagles et al. BMC Veterinary Research 2014, 10:135 Page 9 of 10
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tors and their relevant surveillance systems.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
Conceived and designed the experiments: DE, MPZ, PJW, PAD. Conducted
modelling: DE. Contributed data for case study: LM, RW, SD, GB. Wrote the
paper: DE. All authors contributed to editing, and read and approved the
final manuscript.
Acknowledgements
We thank Drs. Peter Daniels and David Williams for critical review of the
manuscript. We acknowledge all contributors of the National Arbovirus
Monitoring program and the Northern Australian Quarantine Strategy for
access to surveillance data and scientific advice and to the staff of the
Berrimah Veterinary Laboratory and the Australian Animal Health Laboratory
for testing of the virus samples. Debbie Eagles conducted this work as part
of her doctoral studies which were funded by the Australian Biosecurity
Cooperative Research Centre.
Author details
1CSIRO Animal, Food and Health Sciences, 5 Portarlington Rd, 3220 Geelong,
Victoria, Australia. 2School of Biological Sciences, The University of
Queensland, 4072 Brisbane, Queensland, Australia. 3Department of Primary
Industry and Fisheries, Berrimah Veterinary Laboratories, GPO Box 3000, 0801
Darwin, Northern Territory, Australia. 4Department of Agriculture, Northern
Australia Quarantine Strategy, PO Box 37846, 0821 Winnellie, Northern
Territory, Australia.
Received: 8 November 2013 Accepted: 5 June 2014
Published: 19 June 2014
References
1. Lillie TH, Marquardt WC, Jones RH: The flight range of Culicoides
variipennis (Diptera, Ceratopogonidae). Can Entomol 1981, 113:419–426.
2. Sellers RF, Pedgley DE, Tucker MR: Possible spread of African horse
sickness on the wind. J Hyg (Lond) 1977, 79:279–298.
3. Mellor P, Carpenter S, White D: Bluetongue virus in the insect host. In
Bluetongue. Volume 3. Firstth edition. Edited by Mellor P, Baylis M, Mertens P.
Paris: Elsevier: Biology of Animal Infections; 2009:483.
4. Maclachlan NJ: The pathogenesis and immunology of bluetongue virus
infection of ruminants. Comp Immunol Microb 1994, 17:197–206.
5. Agren ECC, Burgin L, Sternberg Lewerin S, Gloster J, Elvander M: Possible
means of introduction of bluetongue virus serotype 8 (BTV-8) to Sweden
in August 2008: comparison of results from two models for atmospheric
transport of the Culicoides vector. Vet Rec 2010, 167:484–488.
6. Burgin LE, Gloster J, Sanders C, Mellor PS, Gubbins S, Carpenter S:
Investigating incursions of bluetongue virus using a model of long-
distance Culicoides biting midge dispersal. Transbound Emerg Dis 2012,
60:263–272.
7. Garcia-Lastra R, Leginagoikoa I, Plazaola JM, Ocabo B, Aduriz G, Nunes T,
Juste RA: Bluetongue virus serotype 1 outbreak in the Basque Country
(Northern Spain) 2007–2008. Data support a primary vector windborne
transport. PLoS ONE 2012, 7:e34421.
8. Gloster J, Burgin L, Witham C, Athanassiadou M, Mellor PS: Bluetongue in
the United Kingdom and northern Europe in 2007 and key issues for
2008. Vet Rec 2008, 162:298–302.
9. Eagles D, Deveson T, Walker PJ, Zalucki MP, Durr P: Evaluation of long-
distance dispersal of Culicoides midges into northern Australia using a
migration model. Med Vet Entomol 2012, 26:334–340.
10. Eagles D, Walker PJ, Zalucki MP, Durr PA: Modelling spatio-temporal
patterns of long-distance Culicoides dispersal into northern Australia.
Prev Vet Med 2013, 110:312–322.
11. Hardy AC, Cheng L: Studies in the distribution of insects by aerial
currents. 3. Insect drift over the sea. Ecol Entomol 1986, 11:283–290.
12. Johansen CA, Farrow RA, Morrisen A, Foley P, Bellis G, Van Den Hurk AF,
Montgomery B, Mackenzie JS, Ritchie SA: Collection of wind-borne
haematophagous insects in the Torres Strait, Australia. Med Vet Entomol
2003, 17:102–109.13. Sanders CJ, Gubbins S, Mellor PS, Barber J, Golding N, Harrup LE, Carpenter
ST: Investigation of diel activity of Culicoides biting midges (Diptera:
Ceratopogonidae) in the United Kingdom by using a vehicle-mounted
trap. J Med Entomol 2012, 49:757–765.
14. Sanders CJ, Selby R, Carpenter S, Reynolds DR: High-altitude flight of
Culicoides biting midges. Vet Rec 2011, 169:208.
15. Chapman JW, Drake VA, Reynolds DR: Recent insights from radar studies
of insect flight. Ann Rev Entomol 2011, 56:337–356.
16. Reynolds DR, Chapman JW, Harrington R: The migration of insect vectors of
plant and animal viruses. Elsevier, Waltham, MA, USA: Academic Press; 2006.
17. Leskinen M, Markkula I, Koistinen J, Pylkko P, Ooperi S, Siljamo P, Ojanen H,
Raiskio S, Tiilikkala K: Pest insect immigration warning by an atmospheric
dispersion model, weather radars and traps. J App Ent 2011, 135:55–67.
18. Mellor PS, Boorman J, Baylis M: Culicoides biting midges: Their role as
arbovirus vectors. Annu Rev Entomol 2000, 45:307–340.
19. Pedgley DE: Windborne spread of insect-transmitted diseases of animals
and man. Philos Trans R Soc Lond B Biol Sci 1983, 302:463–470.
20. Kirkeby C, Bodker R, Stockmarr A, Lind P, Heegaard PMH: Quantifying
Dispersal of European Culicoides (Diptera: Ceratopogonidae) Vectors
between Farms Using a Novel Mark-Release-Recapture Technique.
PLoS ONE 2013, 8(4):1.
21. Chapman HF, Hughes JM, Ritchie SA, Kay BH: Population Structure and
Dispersal of the Freshwater Mosquitoes Culex annulirostris and Culex
palpalis (Diptera: Culicidae) in Papua New Guinea and Northern
Australia. J Med Entomol 2003, 40:165–169.
22. Nolan DV, Dallas JF, Piertney SB, Mordue Luntz AJ: Incursion and range
expansion in the bluetongue vector Culicoides imicola in the Mediterranean
basin: a phylogeographic analysis. Med Vet Entomol 2008, 22:340–351.
23. Animal Health Australia, 2013: National Arbovirus Monitoring Program 2011–2012
Annual Report. 2013. http://www.animalhealthaustralia.com.au/programs/disease-
surveillance/national-arbovirus-monitoring-program/namp-archived-reports/
(accessed 1 February 2013.
24. Animal Health Australia: National Arbovirus Monitoring Program. 2013. http://
www.animalhealthaustralia.com.au/programs/disease-surveillance/national-
arbovirus-monitoring-program/ (accessed 1 February 2013).
25. Melville LF: Bluetongue surveillance methods in an endemic area:
Australia. Veter Ital Ser 2004, 40:184–187.
26. Animal Health Australia, 2011: National Arbovirus Monitoring Program
2009–2010 Annual Report. 2013. http://www.animalhealthaustralia.com.au/
programs/disease-surveillance/national-arbovirus-monitoring-program/
namp-archived-reports/ (accessed 1 February 2013).
27. Melville L, Davis S, Hunt N, Weir R, Harmsen M, Walsh S: Isolation of
bluetongue serotype 7 from sentinel cattle in the Northern Territory.
In Arbovirus Research in Australia Tenth Symposium; Coffs Harbour. Edited by
Ryan PA, Aaskov JG, Russell R. Australia: QIMR; 2008:99–101.
28. Boyle DB, Bulach DM, Amos-Ritchie R, Adams MM, Walker PJ, Weir R:
Genomic sequences of Australian bluetongue virus prototype serotypes
reveal global relationships and possible routes of entry into Australia.
J Virol 2012, 86:6724–6731.
29. Animal Health Australia, 2001: The history of bluetongue, Akabane and
ephemeral fever viruses and their vectors in Australia 1975–1999. 2013. http://
www.animalhealthaustralia.com.au/ (accessed 1 February 2013).
30. Bishop AL, Bellis GA, McKenzie HJ, Spohr LJ, Worrall RJ, Harris AM, Melville L:
Light trapping of biting midges Culicoides spp. (Diptera:
Ceratopogonidae) with green light-emitting diodes. Aust J Entomol 2006,
45:202–205.
31. Kirkland PD, Ellis T, Melville LF, Johnson SJ: Australian National Arbovirus
Monitoring Program - a model for studying bluetongue epidemiology in
China. In Proceedings of the First Southeast Asia and Pacific Regional
Bluetongue Symposium; Kunming, China. Edited by St George TD, Kegao P.
Kunming, China: ACIAR; 1995:95–99.
32. Melville L, Hunt N, Weir R, Davis S, Harmsen M: Results of a decade of virus
monitoring of sentinel cattle in the Northern Territory (1994–2004). In
Arbovirus Research in Australia Ninth Symposium; Noosa Lakes. Edited by
Ryan PA, Aaskov JG. St George TD, Dale PE: QIMR; 2005:240–245.
33. Animal Health Australia, 2008: Disease Strategy: Bluetongue (Version 3.0)
Australian Veterinary Emergency Plan (AUSVETPLAN). 2013. http://www.
animalhealthaustralia.com.au/ (accessed 1 February 2013.).
34. Draxler RR, Hess GD: An overview of the HYSPLIT_4 modelling system
for trajectories, dispersion and deposition. Aust Meteorol Mag 1998,
47:295–308.
Eagles et al. BMC Veterinary Research 2014, 10:135 Page 10 of 10
http://www.biomedcentral.com/1746-6148/10/13535. NOAA: HYSPLIT - Hybrid Single Particle Lagrangian Integrated Trajectory Model.
2011. http://www.arl.noaa.gov/HYSPLIT_info.php (accessed 9 January 2012).
36. Sukarsih, Sendow I, Bahri S, Pearce M, Daniels PW: Culicoides survey in
Indonesia. Aciar Proc 1995, 123–128.
37. Bellis G, Melville L, Walsh S: Preliminary assessment of the vector capacity
of Culicoides nupipalpis and C. orientalis for Bluetongue virus. In Arbovirus
Research in Australia Ninth Symposium; Noosa Lakes. Edited by Ryan PA,
Aaskov JG. St George TD, Dale PE: QIMR; 2005:28–32.
38. Animal Health Australia: National Arbovirus Monitoring Program 2010–2011 Annual
Report. 2012. http://www.animalhealthaustralia.com.au/programs/disease-
surveillance/national-arbovirus-monitoring-program/namp-archived-reports/
(accessed 1 February 2013).
39. Animal Health Australia: National Arbovirus Monitoring Program 2008–2009
Annual Report. 2009. http://www.animalhealthaustralia.com.au/programs/
disease-surveillance/national-arbovirus-monitoring-program/namp-archived-
reports/ (accessed 1 February 2013).
40. Sukarsih, Daniels PW, Sendow I, Soleha E: Longitudinal studies of
Culicoides associated with livestock in Indonesia. In Arbovirus Research in
Australia Sixth Symposium; Brisbane. Edited by Uren MF, Kay BH. Indonesia:
CSIRO, QIMR; 1993:203–209.
41. Daniels P, Sendow I, Pritchard LI, Sukarsih, Eaton BT: Regional overview of
bluetongue viruses in South-East Asia: viruses, vectors and surveillance.
In Bluetongue, Proceedings of the Third International Symposium; Taormina.
Edited by Maclachlan J, Pearson JE. South-East Asia: Veterinaria Italiana;
2004:94–100.
42. Sendow I, Daniels P, Soleha E, Hunt N, Ronohardjo P: Isolation of
bluetongue viral serotypes 7 and 9 from healthy sentinel cattle in west
Java, Indonesia. Aust Vet J 1991, 68:405–406.
43. Bellis GA, Melville LF, Hunt NT, Hearnden MN: Temporal activity of biting
midges (Diptera : Ceratopogonidae) on cattle near Darwin, Northern
Territory, Australia. In Bluetongue - Proceedings of the Third International
Symposium; Taormina. Edited by Maclachlan J, Pearson JE. ; 2004:324–328.
44. Carpenter S, Szmaragd C, Barber J, Labuschagne K, Gubbins S, Mellor P:
An assessment of Culicoides surveillance techniques in northern Europe:
have we underestimated a potential bluetongue virus vector? J Appl Ecol
2008, 45:1237–1245.
45. Elbers AR, Backx A, Mintiens K, Gerbier G, Staubach C, Hendrickx G, van der
Spek A: Field observations during the bluetongue serotype 8 epidemic in
2006. II. Morbidity and mortality rate, case fatality and clinical recovery
in sheep and cattle in the Netherlands. Prev Vet Med 2008, 87:31–40.
46. Rykiel EJ: Testing ecological models: The meaning of validation.
Ecol Model 1996, 90:229–244.
47. Reeves A, Salman MD, Hill AE: Approaches for evaluating veterinary
epidemiological models: verification, validation and limitations. Rev Sci
Tech Oie 2011, 30:499–512.
48. Kim KS, Jones GD, Westbrook JK, Sappington TW: Multidisciplinary
fingerprints: forensic reconstruction of an insect reinvasion. J R Soc
Interface 2010, 7:677–686.
49. Pritchard LI, Sendow I, Lunt R, Hassan SH, Kattenbelt J, Gould AR, Daniels
PW, Eaton BT: Genetic diversity of bluetongue viruses in south east Asia.
Virus Res 2004, 101:193–201.
doi:10.1186/1746-6148-10-135
Cite this article as: Eagles et al.: Long-distance aerial dispersal modelling
of Culicoides biting midges: case studies of incursions into Australia.
BMC Veterinary Research 2014 10:135.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
